A facile processing strategy based on a simple pressing and heat-treatment at 800°C in air or argon was successfully demonstrated for fabricating encapsulated ZnO in porous polysiloxane-derived ceramic matrix. The composite samples contain ZnO crystallites with wurtzite structure embedded in amorphous SiO 2 or SiOC matrix and have 5158% porosity depending on the starting polysiloxane content and heat-treatment atmosphere. For the samples heat-treated in air, the one with more ZnO content in the batch composition showed higher green-emission intensity as well as lower excitonic-emission intensity in photoluminescence (PL) spectrum compared to the one with less ZnO content. The result can be understood in terms of the amount of defects such as oxygen vacancies in the ZnO crystallites: the former has higher defect density than the latter. Raman spectra for the two samples support the interpretation. The samples heat-treated in argon exhibit weaker PL strength compared to the air-treated ones in the whole photon-energy range, attributable to the secondary phase (ZnSiO 3 ) formation.
Introduction
Zinc oxide (ZnO) has several favorable properties: good optical transparency in the visible range due to its large bandgap energy (³3.3 eV), strong room-temperature blue-ultraviolet emission, high electron mobility, piezoelectricity, etc. These properties are already used in emerging applications for transparent electrodes in liquid crystal displays, light-emitting devices, thin-film transistors, and acoustic-wave resonators.
1)9)
Porous ZnO ceramics are good candidates for a catalyst support that converts hydrogen molecules into atomic hydrogen, 10) 12) a filter for photocatalytic activity, 13) gas sensors, 14)18) and a filter support for removing sulfides (H 2 S) from power plants. 19 ), 20) Most of previous researches for fabricating porous ZnO ceramics were focused on processing and characterization of thin or thick films, 17) ,18),21), 22) microspheres, 23) , 24) plates, 16 ), 25) microtubes, 26) and powders. 13) , 15) Only a few papers reported processing of porous bulk ZnO ceramics. Saito et al. 27) fabricated porous ZnO ceramics by partially sintering ZnO compact containing aluminum source at 900°C. Liu et al. fabricated porous ZnO ceramics by using porous wood templates. 20) , 28) In this paper, we investigated encapsulated ZnO in porous polysiloxane-derived ceramic matrix. The matrix is silicon oxycarbide (SiOC) when heat-treated in argon and amorphous SiO 2 when heat-treated in air. 29) , 30) The polysiloxane-derived ceramics have many advantages as an encapsulating phase for ZnO: low processing temperature, 31),32) excellent mechanical strength 33)35) despite the amorphous phase, good thermochemical stability, 36),37) and luminescence. 38) This paper firstly reports a simple processing technique of encapsulated ZnO in porous polysiloxane-derived ceramic matrix. In addition, the effects of polysiloxane content and heat-treatment atmosphere on the porosity, flexural strength, and luminescence of the produced ceramics are investigated.
Experimental procedure
The raw materials utilized in this experiment were polysiloxane (YR3370, GE Toshiba Silicones Co., Ltd., Tokyo, Japan), ZnO (99.9% pure, High Purity Chemicals, Osaka, Japan), and poly(methyl methacrylate-co-ethylene glycol dimethacrylate) microbeads (PMMA microbead, ³8¯m, Sigma-Aldrich Inc., St. Louis, MO, hereafter polymer microbeads). Two batches of powders were prepared: 4S6Z specimen (60% ZnO) was prepared from 48 wt % ZnO, 32 wt % polysiloxane, and 20 wt % PMMA microbead and 2S8Z specimen (80% ZnO) was prepared from 64 wt % ZnO, 16 wt % polysiloxane, and 20 wt % PMMA microbead. Each batch was mixed in ethanol for 6 h using Teflon balls and a polyethylene jar. The milled slurry was dried and uniaxially pressed into rectangular hexahedrons with a dimension of 40 mm © 8 mm © 4 mm at 50 MPa. The polysiloxane in the green compacts was cross-linked by heating up to 200°C in air. The cross-linked compacts were sintered at 800°C for 1 h in air or argon atmosphere. The heating and cooling rates were 1 and 5°C/min, respectively. The heat treatment enables the polymerto-ceramic conversion of the polysiloxane, resulting in the encapsulated ZnO in porous SiO 2 or SiOC matrix.
The bulk density of the porous ceramics was computed from the weight-to-volume ratio of the samples. The porosity of the ceramics was calculated from their bulk density and the theoretical densities of the SiO 2 ZnO and SiOCZnO composites were calculated by assuming a rule of mixtures. The theoretical densities of SiOC pyrolyzed at 800°C and amorphous SiO 2 were 1.76 39) and 2.20 g/cm 3 , 40) respectively. The cell morphology was observed by scanning electron microscopy (SEM; S4300, Hitachi Ltd., Hitachi, Japan). The fracture surfaces of 2S8Zair and 2S8ZAr samples were analyzed by electron probe microanalysis (EPMA, JXA-8500F, JEOL). The encapsulated ZnO in porous polysiloxane-derived ceramics were characterized using X-ray diffractometry (XRD; D8 Discover, Bruker AXS GmbH, Karlsruhe, Germany) with Cu K¡ radiation. The flexural strength was measured using a three-point method with a span and cross head speed of 30 mm and 0.5 mm/min, respectively. The emission properties of the samples were investigated by photoluminescence (PL) using a He-Cd laser (wavelength = 325 nm). Raman spectra of the samples were measured using He-Ne laser (wavelength = 633 nm). show partially interconnected cells with porous struts in the cellular structure. All specimens show bimodal pore structures: large spherical pores (78¯m) templated from PMMA microbeads and small interparticle pores (0.52¯m) from the green compacts. The porosities of air-treated 4S6Zair and 2S8Zair samples were 51 and 58%, respectively, whereas those of Ar-treated 4S6ZAr and 2S8ZAr samples were 53 and 58%, respectively. More ZnO addition led to higher porosity because the amorphous SiOC or amorphous SiO 2 filled less pore space in the 2S8Z specimen. Figure 2 exhibits the result of XRD measurements on the present polysiloxane-derived ceramics-bonded ZnO samples. The results obtained from air-treated samples show typical patterns expected for polycrystalline ZnO with hexagonal wurtzite crystal structure. No crystal structure is exhibited by amorphous SiO 2 and amorphous SiOC. Thus, the XRD result indicates that the porous samples contain significant amount of ZnO crystallites that are well separated from amorphous SiO 2 .
Results and discussion
The average crystallite sizes of the ZnO estimated from the Scherrer's formula are 38 and 48 nm for 4S6Zair and 2S8Zair, respectively. On the other hand, the Ar-treated specimens revealed the existence of extra peaks, while the air-annealed ones hardly showed other phases. The secondary peaks marked by * in the XRD spectra of the 4S6ZAr and 2S8ZAr specimens imply the existence of ZnSiO 3 crystallites (JCPDS 70-0852). The estimated average crystallite sizes of ZnO are 41 and 42 nm for 4S6ZAr and 2S8ZAr, respectively. The existence of ZnSiO 3 phase indicates the abundance of SiOC in the specimen ready to react with ZnO due to its chemical instability. Dot mapping of Zn and Si by EPMA revealed that Zn and Si atoms were homogeneously distributed throughout the specimen (2S8Zair) (Fig. 3) . It was very difficult to distinguish ZnO phase from amorphous SiO 2 because the amorphous SiO 2 has no grain structure. XRD and EPMA results suggest that ZnO phase is embedded in amorphous SiO 2 . Similar results were obtained in 2S8ZAr, where ZnO phase was embedded in amorphous SiOC.
The flexural strengths of the 4S6Zair and 2S8Zair samples were 4.9 « 0.9 and 2.7 « 0.3 MPa, respectively. In contrast, the strengths of the 4S6ZAr and 2S8ZAr samples were 6.8 « 0.7 and 2.8 « 0.3 MPa, respectively. More ZnO addition and air atmosphere led to lower strength because of the less bonding phase (SiOC) and the loss of carbon from the struts of polysiloxanederived ceramics, respectively. Figure 4 shows PL spectra from the air-annealed polysiloxane-derived ceramicZnO composite samples obtained at room temperature. The PL spectra consist of two strong emission structures, a sharp peak near 3.25 eV and a broad peak around 2.5 eV. Such PL feature is typical for bulk crystalline ZnO. The 3.25-eV peak is attributed to free excitons in ZnO that are known to have binding energy of ³60 meV. The broad structure around 2.5 eV (green emission) is known to be mainly due to native point defects such as oxygen vacancies in ZnO that can be easily formed during the sample preparation procedures. The PL spectrum of the sample with more ZnO content (2S8Z) in the batch composition exhibits higher green-emission strength as well as lower excitonic-emission strength compared to the one with less ZnO content (4S6Z). Such difference in the PL spectrum can be understood in terms of the difference in crystalline quality between the samples: the former has more local defects than the latter. The PL spectra of the Ar-treated SiOCZnO samples exhibit weaker emission strength compared to the SiO 2 ZnO ones in the whole range of photon energies. It is attributable to the formation of the secondary phase (ZnSiO 3 ) in ZnO crystallites in the composite.
The local crystalline quality can be better investigated by Raman spectroscopy than XRD. Thus, the Raman spectra of the two air-annealed samples were measured at room temperature as shown in Fig. 5 . It is seen that the 4S6Z sample exhibits characteristic phonon peaks at about 330, 380, 410, and 440 cm ¹1 that are expected for crystalline ZnO. In wurtzite ZnO, two nonpolar E 2 modes, E 2H and E 2L , were reported at about 437 and 101 cm ¹1 . 39) Thus, the peaks at 440 and 330 cm ¹1 are ascribed to E 2H and E 2H E 2L (multi-phonon process) modes, respectively. The peaks at 380 and 410 cm ¹1 are assigned to transverse-optical phonons with polar A 1 and E 1 modes, respectively. 39) Compared to the 4S6Zair sample, the 2S8Zair sample with more ZnO content shows weaker intensity for all the phonon peaks with the E 1 mode being especially hard to be resolved. The observed difference in the Raman spectrum is attributable to more defective nature of 2S8Zair compared to 4S6Zair, supporting the interpretation of the PL result.
Although there have been reports on observation of PL from amorphous SiOC in the visibleultraviolet range, 38) strong PL from ZnO turns out to be dominant in the same photon-energy range for the present SiOCZnO composites.
Conclusions
Encapsulated ZnO in porous polysiloxane-derived ceramic was successfully fabricated from ZnOpolysiloxane mixtures by a simple pressing and heat-treatment process. Depending on the atmosphere during the heat-treatment, the polysiloxane was transformed to an amorphous SiO 2 or amorphous SiOC, acting as the encapsulating material for ZnO particles. The encapsulated ZnO in porous polysiloxane-derived ceramics had 5158% porosity and a flexural strength of 37 MPa depending on the starting polysiloxane content and heat-treatment atmosphere. The more addition of polysiloxane led to a higher strength and lower porosity, indicating a beneficial effect of polysiloxane-derived SiO 2 or SiOC for strut densification. The air-annealed composite specimen with more ZnO content exhibits an increase in the green-emission strength as well as a decrease in the excitonicemission strength compared to the one with less ZnO content. It implies that the former have a larger defect density than the latter. The Ar-treated specimens exhibit weaker PL strength compared to the air-treated ones in the whole range of photon energies. It is attributable to the formation of secondary phase (ZnSiO 3 ) in the specimens. 
